of ion channels in artificial bilayer lipid membranes (BLMs) has an advantage that the researcher can precisely control the composition of the system, including lipid environments, which are not easily manipulated with the patch-clamp method. In addition, the high affinities and signal amplification abilities of ion-channels are useful for designing highly sensitive biosensors. 5, 6 However, the mechanical instability of BLMs hinders their wide range of applications, and confines the bilayer method to laboratory use.
Recently, there is growing interest in the development of highthroughput safety screens targeted for ion channels, since the human ether-a-go-go-related gene (hERG) potassium channel is often adversely affected by drugs that are designed for totally unrelated targets, causing a potentially fatal arrhythmia. 7, 8 A number of marketed drugs have been withdrawn, including antihistamines, antipsychotics, gastric prokinetics, and even antibiotics. Indeed, the value of the hERG assay is recognized in the integrated risk assessment within the ICH S7B Guidance Document for Industry. 9, 10 Based on these circumstances, extensive studies have been made to improve the throughput of BLM reconstitution systems by increasing the BLM stability through the combination of BLM formation with nano-and micro-fabrication. 6, [11] [12] [13] [14] [15] [16] These efforts have led to a prolonged membrane lifetime of several tens of hours. 12, 17 However, the mechanical stability of the BLMs has not been improved to the desired extent. In addition, these approaches are commonly based on BLMs prepared from lipid solutions in unvolatile organic solvents, which are often criticized that some amount of the solvent remains in the central hydrophobic area of the BLMs, 18 and likely denatures ion-channel functions. 19 It is desirable to minimize organic solvent in membranes, though the reduction of organic solvent may cause less stable BLMs than solvent-containing BLMs. 20 In this review, we discuss our approaches for the formation of stable BLMs using a minimized amount of solvent through the combination of fabrication techniques and BLM formation. The BLMs were prepared across a microaperture fabricated in silicon (Si) chips 21, 22 or nanoporous alumina films. 23 The stability of the BLMs was characterized in terms of the membrane lifetime, breakdown voltage and tolerance to solution exchanges. Recent examples of applications to high-throughput analysis 24 and extension to biological channels (hERG channels) are also discussed.
Fabrication and BLM Formation
Traditional free-standing BLMs are formed across apertures in plastic septa. BLMs with a thickness of 4 -5 nm are suspended in micrometer-sized apertures formed in micrometer-thick septa. 6 There is a scale discrepancy between the micrometer-thick septa and nanometer-thick BLMs, which may result in an instability of the BLMs. When free-standing BLMs are spanned over nanopores, 11, 12, 25 or suspended in nanometer-thick substrates, 21 the membrane stability will presumably be enhanced. We have examined BLM formation across anodic porous alumina films (Fig. 1) or microfabricated Si chips to improve the BLM stability (Fig. 2) . Anodic porous alumina is a self-ordered nanopore insulator, whose pore sizes are tunable by anodization of aluminium (Al) in an appropriate acid solution.
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When BLMs are suspended in nanoporous alumina, increased membrane stability by reduction of aperture size is expected, while total BLM area is still large to facilitate incorporation of proteins. On the other hand, Si microfabrication by the lithography techniques is well-established. Our Si chip-based approach to improve the BLM stability is the fabrication of microapertures in a nanometer-thick Si3N4 film deposited on a Si substrate. 21 A key feature of the Si chip is a smoothly tapered shape of the aperture edge, which will allow a reduction of the stress on the lipid bilayer at the contact with the septum. We have fabricated anodic porous alumina films and Si chips having microapertures and investigated the BLM formation using both substrates.
2·1 Fabrication of anodic porous alumina films
Figure 1(a) shows the fabrication procedure. A cleaned Al sheet (thickness 0.5 mm, purity 99.999%) was electropolished in a mixture of perchloric acid and ethanol (1:4, v/v) at room temperature for 4 min. Then, the Al sheet was anodized in 0.1 M phosphoric acid for 7 min at -4 C and an applied voltage of 160 V. A layer of CRC-8810 photosensitive resin (Sumitomo Bakelite Co.) was spun on the porous alumina side and patterned by the standard photolithography to form an aperture with a diameter of 100 μm. The remaining Al was removed by etching in 1:1 mixure of 36 wt% hydrochloric acid and saturated copper(II) sulfate. Finally, the bottom part of the oxide layer (barrier layer) was removed by dipping in 5 wt% phosphoric acid at 40 C, which also worked to widen the pore diameter. The porous alumina films thus fabricated were silanized by treating with 2% (v/v) 1H,1H,2H,2H-perfluorooctyl-trichlorosilane (FOTS) in n-hexadecane for 2 h.
2·2 Fabrication of microapertures in Si chips
Apertures with a diameter of 20 -60 μm were fabricated in a FZ Si (100) wafer (>9000 Ω cm, 200 μm in thickness), one side of which was coated with a Si3N4 layer (200 -240 nm in thickness, Semitec). As shown in Fig. 2(a) , the wafer was first thermally oxidized in dry oxygen, and the Si3N4 side was coated with a SiO2 layer using the RF sputtering method. The thermal oxide layer was patterned by the standard photolithographically, followed by anisotropic etching in 25% tetramethylammonium hydroxide at 90 C. Then a SiO2 layer was again deposited on the Si3N4 side. After photolithographically patterned, circular holes were formed in the Si3N4 layer by isotropic etching in 85% phosphoric acid at 150 C. Finally, the SiO2 layer beneath the holes was removed by 5% hydrofluoric acid to form apertures.
To improve the electric properties of the fabricated Si chips, some of the chips were further coated with SiO2 and Teflon ( Fig. 2(b) ). First, a SiO2 layer was grown by wet thermal oxidation for 1 h. A layer of SU8-3010 photoresist was then spun onto a dummy wafer, and the chip was placed on the SU8-3010 layer from the Si3N4 side. A Teflon-AF1601 solution was spun onto the chip and the solvent was allowed to evaporate at 95 C. Teflon-AF around the apertures was lifted off by soaking in hot Remover 1165. Finally, the chips were washed thoroughly with isopropanol, ethanol, acetonitrile, acetone and chloroform. Before BLM formation, the Si chip thus fabricated was silanized by treating with 2% (v/v) 3-cyanopropyldimethyl chlorosilane in acetonitrile. 
2·3 BLM formation
BLMs were prepared by folding up two lipid monolayers across the anodic porous alumina films or microfabricated Si chips ( Fig. 1(b) ). 26 The major advantage of this method is that the amount of solvent used for the preparation of BLMs is much less compared with the painting method, 11,12 microfluidic systems, 16 and droplet interface bilayers. 27 This is a great advantage when we consider the application to drug screenings for ion-channel proteins, since fragile ion-channel proteins could hardly tolerate direct exposure to an organic solvent. 19 The fabricated substrate was set in the middle of a Teflon chamber, and usually precoated with a thin layer of n-hexadecane by dropping chloroform containing n-hexadecane. Then aqueous solution was added to each side of the chamber. The water level in both compartments was set below the aperture. Then, a small amount (~10 μl) of a lipid solution containing L-α-phosphatidylcholine, L-α-phosphatidylethanolamine, and cholesterol in chloroform/n-hexane (1:1, v/v) was spread on the aqueous solutions. After solvent evaporation, BLMs were formed by gradually raising the water level until it surpassed the aperture. This folding process was performed either manually or automatically using a syringe pump. The incorporation of gramicidin and alamethicin into the BLMs was performed by adding gramicidin solutions to the aqueous solutions in both compartments under constant stirring. Current recordings were performed with an Axopatch 200B patch-clamp amplifier (Molecular Devices) or a Triton + sixteen-channel patch-clamp amplifier (Tecella). The signal was usually low-pass filtered at 1.0 kHz, digitized at 10 kHz, and stored on-line using a digital data-acquisition system (Digidata 1440 and pCLAMP software Ver. 10.2, Molecular Devices). The data were analyzed with a pCLAMP Ver. 10.2. The total capacitance, including BLMs and the substrates, were determined from the measured current when a voltage ramp was applied.
BLMs Spanned over Anodic Porous Alumina
Anodic porous alumina films with a pore diameter of 200 -350 nm ( Fig. 1(c) ) and a thickness of 200 -500 nm were prepared on a CRC resin. The thickness of the films was changed in order to examine the effect of the aspect ratio on BLM formation. When the aspect ratio was high, BLMs were not formed due to air bubbles trapped inside the nanopores. 23, 28 On the other hand, BLMs were successfully formed across the alumina films with a low aspect ratio of 1 -3. BLMs having the resistance of >1 GΩ were formed with a probability of ~80% (81 out of 101 trials). The total exposed BLM area of 4.4 × 10 -5 cm 2 in the porous alumina films was estimated based on the porosity (56%), which was calculated by pixel analysis from the scanning electron microscopy (SEM) images. This area is equal to that of a BLM with a diameter of ~75 μm. The possibility of the BLM formation across the CRC resin was excluded by the tapered shape of the resin ( Fig. 1(d) ).
The functionality and electric properties of those BLMs were then examined by recording single-channel activities of gramicidin and alamethicin peptides. Gramicidin forms a channel that is permeable to monovalent cations, when gramicidin monomers form a membrane-spanning dimer. Since the gramicidin channel conductance is relatively low (~2 pA at 100 mV in 2 M KCl), 29, 30 the BLM noise level was examined by recording gramicidin single-channel currents. Alamethicin forms voltage-gated ion channels by oligomerization 31 and is known to show fast transitions from one conductance state to the next one. 32 Alamethicin was used for examining the transient responses of the present BLMs. Figure 3(a) shows examples of gramicidin single-channel currents. Stepwise currents were clearly observed with the single-channel conductance of 23 pS. This level is similar to reported values (19 -25 pS in 2.0 M KCl), 29, 30 suggesting the functionality of the present BLMs. The peak-to-peak noise current filtered at 0.5 Hz was about 1 -1.5 pA. This noise level is comparable to that (~1 -1.5 pA) observed for a polymer substrate where BLMs with similar actual size (~75 μm) were formed. 33 These results suggest that porous alumina, a metal oxide insulator, can be used as a low-noise platform for suspending BLMs as well as plastic polymer insulators. 32, 33 Figure 3(b) shows examples of alamethicin single-channel currents.
The expanded trace showed that our recording system clearly resolved the fast transitions of alamethicin channels. The trace showed no transients during opening and closing steps (< 0.5 ms). This electric property is favorable for recording activities of biological channels with fast open ↔ close kinetics.
The stability of BLMs spanned over the porous alumina films was investigated in terms of the membrane lifetime and the tolerance to the applied potential. The membranes withstood an applied potential of ±1 V (100%, n = 14) . Even when the applied potential was switched stepwise +1 V ↔ 0 V ↔ -1 V, still 71% of the membranes (10 out of 14 BLMs) survived these treatments (Fig. 3(c) ). Thus the present BLMs could withstand a much higher voltage than the breakdown voltage (~220 -330 mV) reported for BLMs in apertures of 50 -100 μm. [32] [33] [34] Considering that the present BLMs have a total membrane size of ~75 μm, much higher BLM stability was achieved by supporting large membrane area with a nano-mesh structure of the porous alumina films. The membrane lifetime, defined as the duration for which BLMs retained resistance higher than 1 GΩ, was 16 -30 h (n = 2) with and without gramicidin channels. This lifetime was longer than that (several hours) of BLMs formed in conventional μm-scale apertures. 34 As shown in Fig. 3(d) , gramicidin channel activities were clearly seen even 16 h after membrane formation, demonstrating the long-lasting functionality and stability of the present BLMs.
BLMs Suspended in Si Chips

4·1 Improved stability of BLMs in Si chips
Figure 2(c) shows an SEM image of the edge of an aperture fabricated in a Si3N4 septum. The aperture was prepared in a nanometer thick Si3N4 septum by the isotropic etching. The aperture edge was smoothly thinned with an edge angle of about 9 -22 , owing to isotropic etching. Since variational calculus suggests that the annulus-septum contact angle should be small for a stable arrangement of BLMs, 35 the tapered aperture edge in the nanometer scale is favorable to improve the BLM stability.
The formation of free-standing BLMs across the aperture was investigated by the folding method. BLMs having a resistance of >3 GΩ were successfully formed with high probability (92%, 49 membranes out of 53 trials). These BLMs exhibited high stability as well as high-sealing property. The membranes were not broken by electrical shocks, such as plugging off and re-connecting the Ag/AgCl electrodes inserted in the aqueous solutions surrounding the BLMs. The membranes withstood stepwise voltage changes between +1 and -1 V (Fig. 4(a) ) with high probability (90%, 9 out of 10 BLMs). The membrane durability was then examined with five BLMs. The membrane lifetime, defined as the duration for which BLMs retained membrane resistance higher than 1 GΩ, was 15 -45 h with (n = 3) and without (n = 2) incorporated gramicidin channels (Fig. 4(b) ). The channel activity of gramicidin was observed 43 h after BLM formation, suggesting the functionality of the present BLM, even over 40 h after membrane formation.
Another stability required for widespread application of BLMs is tolerance to mechanical shocks induced by solution exchanges. Figure 4 (c) shows examples of single-channel currents from a BLM containing gramicidin when aqueous solutions were exchanged in series KCl → CsCl → KCl. In a KCl solution, a conductance level of 20 pS was observed. Then, the aqueous solutions surrounding the BLM were exchanged to CsCl, single-channel currents were still observed with a higher conductance level of 53 pS. Changing the aqueous solutions back to KCl buffer led to channel currents with a conductance of 22 pS. The observed conductance levels in both solutions were very close to reported values (25 pS in 2 M K + and 55 pS in 2 M Cs + ). 29 These results demonstrate that the present BLM containing gramicidin survived repetitive solution exchanges without any perturbation of single-channel conductance. When this solution exchange experiment was repeated for seven BLMs including a solvent-free one, all of the BLMs containing gramicidin showed tolerance to solution exchanges, confirming the high mechanical stability of the present BLMs.
When we compared the membrane stability with that of the BLMs in porous alumina, 23 longer lifetime and superior tolerance to solution exchange was observed for the BLMs in the Si chip. This comparison suggests that the tapered shape of the aperture edge is more important for the membrane stability than the size of the aperture. The smoothly tapered aperture edge in a nanometer scale reduces the stress on the lipid bilayer at the contact with the septum, leading to dramatically improved membrane stability. However, the BLMs in the Si chips showed larger background current noise and a slower current transient than BLMs in porous alumina films (Figs. 3 and 4) . The use of silicon with high dielectric constant resulted in a large capacitance of the Si chip, leading to large background noise and slow current transients for open ↔ close transitions. These electric properties have to be addressed before application to biological channels.
4·2 Extension to a high-throughput system
Development of high-throughput recording systems for ion-channel proteins is of great importance if we consider drug-screening applications. Several techniques have been reported as a platform for BLM arrays, such as microfluidic arrays 16, 36 and droplet interface bilayer arrays. 37 However, these approaches use BLMs based on large amount of organic solvents, which likely denatures ion-channel functions. 19 We have extended the aforementioned stable and reduced-solvent BLMs in a Si chip to a 9-site array format. Although BLMs by the folding methods are based on a minimized amount of solvent, they are formed vertically, which is rather difficult to realize high throughput array systems. As horizontal formats are commonly used for microfluidic BLM arrays, 16, 36 a horizontal BLM array is more compatible with high throughput applications. We have designed an experimental setup, where the BLMs were first vertically formed by the folding method, and then turned 90 in order to realize a horizontal array of reduced-solvent BLMs. Figure 5 (a) shows our experimental protocol. After simultaneous formation of the BLMs, Ag/AgCl electrodes were plugged off, and an aqueous solution in the top compartment was discarded. The BLMs were then laid horizontally, and nine Ag/AgCl electrodes were inserted into respective wells. From four to seven BLMs were usually formed with the membrane resistance ranging from 1 to >100 GΩ. The overall probability of keeping BLMs in the horizontal array format, defined as the number of retained BLMs out of the total well number examined (= 9 × trial number), was found to 61% (60/99) out of 11 trials. Although we did not control possible pressure changes acting on the BLMs during sealing the bottom chamber with a Teflon lid, which may cause BLM rupture, the observed yield is still higher than that (50%) reported for a microfluidic BLM array. 36 Since the present BLMs were mechanically stable and robust, the BLMs survived such relatively tough process with a moderate yield. Figure 5 (b) shows an example of simultaneous current recordings from two BLMs with containing gramicidin channels. At the BLM formed in Ch. 8, distinct stepwise currents were seen with the single-channel conductance of ~19 pS. With a BLM containing multi channels (Ch. 2), much larger currents with multiple constant steps were observed. The conductance for each step was 24 pS, which is in agreement with gramicidin single-channel conductance. 29, 30 Although the present study used a 9-site array in order to provide a proof of principle for a horizontal array of folded BLMs, in future work we aim to improve the throughput by increasing the number of BLMs. Combining with automation will also improve the experimental throughput. As the most critical folding process was already automated by using a syringe pump, we believe that our system can be fully automated, including bilayer formation and current recordings.
4·3 Application to biological channels
Once the BLM stability has been improved, the next step is application to biological channels important for drug screenings. However, we first had to address the issue of electric properties (background noise level and current transients) of the BLMs, because most of the biological channels important for drug screenings show small channel conductance and fast open ↔ close transitions. Inferior electric properties are due to the large total capacitance (the sum of both membrane and device capacitance). 12, 15, 38 Coating with an insulator layer of SU8 resin has been shown to reduce the total capacitance, and consequently the background noise current. 15, 38 On the other hand, Teflon and SiO2 are insulators with a similar dielectric constant to SU8, but they also have the advantage over SU8 of having superior chemical stability. In addition, both materials are well-suited for suspending BLMs, as exemplified by the folding method for Teflon 19, 34, 39 and the tip-dip method for SiO2 (glass). 40, 41 Here, insulator layers of Teflon and SiO2 (thermal oxide) have been coated on the surface of the Si chip and background noise currents of BLMs prepared in the Si chips were examined. Figure 6 (a) compares the membrane currents at an applied potential of 0 mV for BLMs prepared in the Si chips with and without insulator coatings. The background noise current was 5 -10 pA in peak-to-peak for the Si chips without the insulator layers. After coating the chips with a Teflon layer, the peak-to-peak noise was reduced to 3 -5 pA. This change corresponds to the reduction in the total capacitance from 252 ± 19 pF (mean ± SEM, n = 49) to 98 ± 22 pF (n = 21). Further reduction in the total capacitance to 40 ± 4 pF (n = 80) was observed for the Si chips coated with thermal oxide and Teflon. BLMs formed in this chip showed a noise current of 1 -2 pA in peak-to-peak. When gramicidin was incorporated into the BLMs formed in the chip with SiO2/Teflon insulator layers, single-channel activities of gramicidin was clearly resolved after low-pass filtered at 1 kHz (Fig. 6(b) ). In addition, fast transitions of alamethicin channel were also resolved. The current trace given in Fig. 6(c) showed no transients during opening and closing steps (< 0.5 ms). The use of SiO2/Teflon insulator layers greatly reduces the capacitance of the total chip, reducing the background noise level and eliminating the current transients.
Finally, we have examined incorporation of the hERG channels into the BLMs in the Si chips coated with the insulator layers. Chinese hamster ovary (CHO) cell lines expressing hERG channels (Kv11.1, Channelopathy Foundation) were mechanically disrupted by hand homoginization and membrane fragments were isolated by centrifugation. Membrane fragments were resuspended into buffer (120 mM KCl and 10 mM HEPES/KOH, pH 7.2) and vortexed. Incorporation of the hERG channel into the BLMs was performed by the proteoliposome fusion under a KCl concentration gradient. As shown in Fig. 7 , stepwise currents were clearly recorded with the single-channel conductance of ~13 pS. This conductance level is similar to a previously reported value (12 pS in 120 mM KCl) obtained with the patch-clamp method. 42 Addition of a specific blocker E-4031 43, 44 (200 μM) completely blocked the channel activities, confirming that the observed currents stemmed from ion permeation through the hERG channel. This demonstrates that the present BLM system is useful for recording channel activities of hERG channel, which is highly sensitive to chemical environments and particularly important for drug safety screens.
Conclusions
Mechanical instability has been an obstacle for the application of BLM systems. While a large number of fabrication techniques have been proposed, the mechanical stability of BLMs has not been dramatically improved. In addition, most of these studies are based on large amount of unvolatile organic solvents to form BLMs. Since organic solvents may denature vulnerable channels, we showed a different approach to form stable BLMs, where the amount of solvents was minimized. The key feature that stabilized BLMs is the nanometer-scale design of the septum: a nanopore array structure of porous alumina and smoothly tapered aperture edge formed in a nanometer-thick Si3N4 septum. BLMs suspended in a thin Si3N4 septum showed superior membrane stability and exhibited tolerance to repetitive solution exchanges. Single-channel activities of hERG channel were successfully recorded in BLMs suspended in the Si chips, demonstrating the compatibility of the present BLM system with biologically important ion channels. On the other hand, we also succeeded in the simultaneous formation of stable BLMs in an array format and parallel recordings of channel activities from different BLMs, showing promise as a device for high throughput screening. The next step is to combine stable BLM arrays and biological channels important for drug screenings, including hERG channels. As the present BLM system combines membrane stability and compatibility with vulnerable channels, our method has significant potential as a tool for the high-throughput analysis of both safety screens and drug potency screens. Thus, we believe that stable BLM arrays containing biological channels can be a complement method to the patch-clamp as a new high-throughput drug screening system.
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